INTRODUCTION
The completion of the Human Genome Project was an important initial step in the exploration of human diversity. However, it is the present world-wide search for individual variation in the human genome that promises to elucidate how genetic variation interacts with the environment to confer individual resistance or susceptibility to disease, responsiveness to medical interventions, and drug toxicity (1) . The most common form of genetic variation between individuals is single nucleotide polymorphisms (SNPs), which are single-base changes at specific DNA sites in the genome, occurring at a frequency of approximately one SNP every 200 to 1000 bp. Different combinations of SNPs in single or multiple genes interact with environmental factors to determine risk for disease as well as variability in how individuals respond to illness and medical therapy and whether they develop adverse drug responses. Research directed toward discovering gene-to-gene and geneto-environment interaction in disease causation and clinical outcome is increasing at an exponential rate, and pharmacogenomics is often quoted as being poised for application to health care as "personalized medicine" (1, 2) .
Of the many methods that have been developed for genotyping, those based on the use of microarrays offer the greatest potential for economic, patientspecific application due to their ability to simultaneously interrogate multiple genetic markers (SNPs) using genetic material (template) amplified from an individual using PCR. Genotyping microarrays are devices displaying specific oligonucleotide probes (small lengths of synthetic DNA molecules), precisely located on a small-format solid support such as a glass slide. Although a number of different microarray genotyping chemistries exist (3) (4) (5) , here we are concerned with arrayed primer extension (APEX) (6) . APEX is a minisequencing (7) method based on a two-dimensional array of oligonucleotides, immobilized via their 5′ ends on a glass surface. The classical APEX probe oligonucleotides (from 15-to 25-mers) are designed so that they are complementary to the gene up to, but not including, the base where the SNP exists, although allele-specific (AS)-APEX oligonucleotide probes (where the 3′ base is the complement of the allelic site) can also be used (8) . The Sanger-based sequencing chemistry of APEX allows for genotyping of hundreds to a few thousand SNPs, with the array chemistry taking just minutes. APEX achieves this clinically relevant speed because it uses the catalytic ability of a DNA polymerase enzyme to carry out a single nucleotide base extension at the 3′ end of the arrayed oligonucleotide probes, specific to the SNP sites of interest in template DNA that is temporarily hybridized to these probes. Dideoxynucleotide "terminator" bases are prelabeled with fluorophores specific to each one of the four bases of DNA (A, C, G, T). Thus, the fluorescent "color" (wavelength of emitted light) at each of the probe sites (array spots) will give SNP-specific genotypic information.
Scientific literature describing APEX-based and other array-based (3, 6) . We initially thought that, based on this established dogma of the use of ddNTPs, we could use all four fluorescent dNTPs (instead of ddNTPs) but incorporate them as multiple extensions from each of the oligonucleotide probes because dNTPs would not terminate the DNA polymerization after the initial base extension. For the classical APEX probes, we envisaged that color/base specificity would be lost due to the multiple extensions from the 3′ end of the probe. Thus, these types of probes would no longer be useful for genotyping. However, we predicted that specificity of extension would still be obtained from the allelespecific APEX probes (if an allele was present, the appropriate probe would undergo multiple extensions, rather than just a single extension, and would actually give us greater sensitivity/ higher signal intensity). Overall, this design would allow for a reduction in the costs of genotyping, given the 10-fold higher prices of some ddNTPconjugated fluorophores compared with dNTP-conjugated fluorophores.
We have discovered that whether one uses four fluorescent dNTPs or four fluorescent ddNTPs does not matter to a large degree, and that one still obtains effective single-base extension using either nucleotide reagent type.
MATERIALS AND METHODS

Coriell DNA Samples
We carried out microarray genotyping experiments for two sets of Coriell DNA samples (coriell.umdnj. edu) using a minisequencing APEX chip recently developed and validated in our laboratory (8) . We initially genotyped a set of 12 African-American Coriell samples, generating preliminary data that showed unexpected results. We then genotyped a set of 13 Caucasian Coriell samples, using freshly printed and higher quality arrays for further testing.
PCR Amplification and Fragmentation
Multiplex PCR amplification was performed on Coriell genomic DNA samples as previously described (8 (8) , and 10 ng genomic DNA. Incorporation of the dUTP allows for the amplified DNA to be enzymatically sheared by uracil N-glycosylase (UNG, InterScience, Troy, NY, USA) to produce a DNA size of about 100 bases, optimal for hybridization to the oligonucleotides on the microarray. PCRs were initiated by a 15-min polymerase activation step at 95°C and completed by a final 10-min extension step at 72°C. The PCR cycles were as follows: 25 cycles of 30 s denaturation at 95°C, 30 s annealing at 60°C, and 50 s extension at 72°C; followed by another 10 cycles of 30 s at 95°C, 30 s at 58°C, and 50 s at 72°C.
The multiplex PCR products were pooled for each individual Coriell sample and precipitated by adding 2.5 volumes of ice-cold 100% ethanol and 0.25 volumes of 10 M ammonium acetate solution. The mixture was centrifuged at 20,800× g at 4°C for 20 min. The supernatant was carefully removed, and the DNA pellet was washed with 400 μL of ice-cold 70% ethanol. The DNA pellet was then dissolved in 15 μL double-distilled water.
The precipitated DNA was then fragmented, and unincorporated dNTPs were inactivated by digestion with 1 U UNG and 1 U shrimp alkaline phosphatase (SAP; Amersham Biosciences, Piscataway, NJ, USA) for 1 h at 37°C, followed by enzyme inactivation for 10 min at 95°C in a 20-μL reaction mixture containing 2 μL 10× digestion buffer [0.5 M Tris-HCl, 0.2 M (HN 4 ) 2 SO 4 , pH 9.0].
Microarray Printing
Arrays were generously printed for us at the Prostate Centre Microarray Facility (University of British Columbia, Vancouver, BC, Canada). Briefly, the APEX and AS-APEX probe oligonucleotides (50 pmol/μL in 150 mM sodium phosphate print buffer, pH 8.5) were printed to specific grid positions on CodeLink™ Activated Microarray Slides (Amersham Biosciences) following the manufacturer's recommended protocols. The 5′ end of each probe oligonucleotide is amino-modified, allowing its covalent attachment to the slide's preapplied 
Data Management and Genotyping
We have previously developed a novel tool, the "SNP Chart" application (9) , which is a data management and visualization tool for array-based genotyping by primer extension from multiple probes (www.snpchart.ca). This software generates visual patterns of spot intensity values from multiple channels across a multiple probe set specific for a given SNP, allowing easy calling of the genotype. Excel files containing the softWoRx normalized spot intensity values and probe name/ grid coordinates for each Coriell sample were imported into SNP Chart, and the data for each of the SNPs across each Coriell sample were visualized. Direct comparisons were made between array data obtained using ddNTPs and dNTPs. Manual genotype calling was carried out for 87 SNPs, of which 78 SNPs had validated genotypes available to us from D. Reich, M. Freedman, and colleagues (Broad Institute, Cambridge, MA, USA), as well as from the SNP Consortium and the National Center for Biotechnology Information (NCBI) web sites (snp. cshl.org and www.ncbi.nih.gov/SNP, respectively). Supplementary Table  S1 lists all genotyping data generated from our ddNTP and dNTP experiments, with yellow color-coding showing equivalent genotypes to the validated data, and red coding showing discrepant (and "NN") calls. Noise-tosignal ratio calculations and all statistical analyses were performed using Microsoft Excel.
RESULTS
In this report, we present three figures and three tables. Additional figures and a table of genotype calls are included in the supplementary material that is available online at www.BioTechniques.com. Figure 1 shows SNP Chart data for specific control probe oligonucleotides that are represented as replica spot features on our arrays. These "SeqA," "SeqC," "SeqG," and "SeqT" probes are based on positive control APEX sequences previously designed by Kurg et al. (6) distilled water to remove the template DNA, enzyme, and excess ddNTPs. Further washing in 0.3% Alconox (Alconox, Inc., White Plains, NY, USA) and 95°C double-distilled water ensured low background on the array images.
For Four 16-bit TIFF files for each array were obtained (one from each channel), and these were analyzed using softWoRx ® Tracker software V.2.23.02 (MolecularWare, Cambridge, MA, USA). Spot intensity values ("Cell" background method) and probe name/grid coordinates were exported to Microsoft ® Excel ® [the intensity values were normalized by setting up to 82 Npg1-positive control spots, widely distributed across each array to an average value of 20,000 U per channel, with the exported normalized intensity value calculated from the scale factor x (median signal minus median background)]. surface chemistry. Each grid consisted of duplicate spots of each of the six probes per SNP as well as multiple buffer-only spots and positive control spots. The latter comprised two types of positive controls: multiple combinations of self-extending control oligonucleotides designed to extend to one or more of the four DNA bases, A, C, G, and T [SeqN probes (6) ]; and an oligonucleotide probe based on a plantspecific gene sequence [Npg1 (8) ] that will extend by a single N base due to the presence of an exogenous complementary template oligonucleotide in the APEX reaction mixture. Following the printing of the arrays, the slides were incubated overnight at room temperature at 75% relative humidity to drive the covalent coupling reaction between the probes' 5′ amino group and the CodeLink slide chemistry to completion. Blocking of the arrays was in 50 mM ethanolamine, 0.1 M Tris, pH 9.0, 0.1% SDS, at 50°C for 15 min, according to the manufacturer's protocol.
Microarray-Based Genotyping: Arrayed Primer Extension
The APEX reaction was performed in a total volume of 50 μL by the addition of 17 μL fragmented DNA template, 1 μL of 2 pmol/μL Npg1-positive control template oligonucleotide, 1 μM of each fluorescently labeled dideoxynucleotide triphosphate (Texas Red-ddATP, Cy™3-ddCTP, Cy5-ddGTP, R110-ddUTP; Perkin Elmer Life Sciences, Boston, MA, USA), 5 U Thermo Sequenase™ DNA polymerase (Amersham Biosciences) diluted in its dilution buffer, to 2× Thermo Sequenase reaction buffer (10×, 260 mM Tris-HCl, 65 mM MgCl 2 , pH 9.5). The reaction mixture was applied to the array of APEX and AS-APEX probes previously printed on the CodeLink slide that had been washed two times in 95°C double-distilled water and placed on a Thermo Hybaid HyPro100 incubation plate (Thermo Electron, Waltham, MA, USA) set at 58°C. The reaction mixture was covered with a small piece of Parafilm™, and the APEX reaction allowed to proceed at 58°C with agitation (setting 1) for 20 min. Following the incubation period, slides were washed with 95°C double- to allow directed nucleotide extension based on secondary structure within the DNA sequence of the probe itself. For single-base extension using ddNTPs for example, the SeqA probe will always extend by a single ddATP molecule, while the SeqG probe will always extend by a single ddGTP. Figure 1 shows the actual fluorescent intensity output from these probe spots. The left-hand column of Figure  1 clearly shows base-specific intensities that relate to the original design of the probes; for example, SeqA spots show predominantly yellow-colored bars, corresponding to incorporation of ddATP. The right-hand column of Figure 1 shows equivalent experimental data obtained by replacing the ddNTPs with fluorescent dNTPs. Although the sequence design of these probes would be expected to allow for multiple base extensions across different nucleotides if a standard DNA polymerization reaction was taking place, the data clearly demonstrate the unexpected occurrence of effective single-base extension using dNTPs. Figure 2 shows SNP Chart data outputs easily interpreted as specific genotypes at the rs1006130 SNP for homozygous major allele, heterozygous, and homozygous minor allele Coriell individuals. Rs1006130 is a G/T SNP (based on the "LEFT" DNA strand). Coriell sample NA07037 is GG; NA06993 is GT; NA12251 is TT. As in Figure 1 , the data clearly show homologous signal specificity regardless of whether ddNTPs or dNTPs are used in the APEX reaction. Further examples for different SNPs are provided in the supplementary material. Table 1 shows a breakdown of genotyping analysis, based on manual calling of 87 SNPs represented on the APEX chip (8), across 13 Caucasian Coriell DNA samples. Call rates are comparable (>99%), although the use of fluorescent dNTPs results in a slight loss of accuracy compared with using fluorescent ddNTPs [99.0% versus 99.8% (98.3% versus >99.9% for heterozygote calling accuracy)].
However, it should be noted that the R110 dye used in the ddNTP experiments gives much lower background than the nonoptimized fluorescein dye used in the dNTP experiments. The use of more appropriate fluorophores should improve these respective accuracies. The entire genotype data set for 87 SNPs across the 13 Coriell samples for both ddNTP and dNTP experiments is shown in the supplementary material. Average noiseto-signal intensity ratios across the channels are shown for the SeqA, SeqC, SeqG, and SeqT probes ( Table  2 ) and also for the combined APEX and AS-APEX probes (Table 3) . Although the average noise-to-signal ratios are generally higher for the dNTP reagents compared with the ddNTP reagents, they are not consistently higher for all channels and certainly do not seem to be seriously detrimental to the genotyping call rate and accuracy. It could well be that some individual probe molecules do in fact undergo multiple base extensions with fluorescent dNTPs, but this may represent a minor fraction of the probe set for any one oligonucleotide. Our experimental design, incorporating multiple probes for each SNP under investigation (classical APEX probes and AS-APEX probes for both DNA strands), gives good redundancy and robustness to our data, and this may also be helping our genotype calling despite the greater noise-to-signal intensity ratios sometimes found when fluorescent dNTPs are used. Figure 3 shows four-channel sub-grid images from preliminary experiments comparing the use of different DNA polymerases in minisequencing by APEX. While Taq DNA polymerase was not able to incorporate fluorescent ddNTPs, it is clear that this alternative (and cheaper) enzyme is able to incorporate fluorescent dNTPs to some extent. In fact, Taq DNA polymerase appears to allow similar base specificity of incorporation to that of Thermo Sequenase (qualitative color spot data are shown).
DISCUSSION
Given the tremendous research efforts directed toward developing better "terminator-type" fluorescent nucleotides as well as more effective DNA polymerases that can incorporate these modified nucleotides into nucleic acid chains (10) (11) (12) (13) (14) , our demonstration of effective single-base extension by APEX simply using fluorescent dNTPs is timely. The additional current expense of using ddNTPs, coupled with continued difficulties encountered by supply companies in trying to license some of the new Alexa-type fluorophore dyes conjugated to ddNTPs has meant that technologies such as APEX have not been able to fully utilize the many improvements and innovations in the fields of nucleic acid and fluorophore chemistries and enzymology. Utilizing dNTPs may allow for the use of alternative and cheaper polymerase enzymes than is currently the case with ddNTPs (e.g., Thermo Sequenase versus Taq DNA polymerase). Other methodologies that require singlebase extension might also benefit from using all four fluorescent dNTPs as reagents, such as single base extensiontag array on glass slides (SBE-TAGS) (3), genotyping by fluorescence polarization detection (11) , and polymerase colony genotyping and haplotyping (15) . An obvious question is why the dNTP-based extensions are effectively terminating when there is still a free -OH group on the ribose sugar moiety? We speculate that sterical hindrance by the nearby bulky fluorophore is one possible answer and has been stated previously by researchers looking at reversible terminators (12) rather than simple dNTPs. Preliminary results from experiments in which we dilute the fluorescent ddNTPs or the fluorescent dNTPs with unlabeled dNTPs show an accumulation of multiple, nonspecific intensities from the probes, consistent with multiple base extensions, and thus evidence that steric hindrance could be the cause of the apparent single-base extension seen in our data when labeled dNTPs alone are used (see supplementary material). Both the choice of polymerase and length of extension reaction are likely important factors in optimizing the extent to which multiple extension signal will confuse the data because different polymerases may be sterically hindered to different extents, and more time might increase multiple extension events. We hope that the results shown here stimulate a reevaluation of the chemistries, enzymologies, and applications of the field of minisequencing on microarrays. N.A., not applicable. a For the 87 SNPs genotyped, arrayed primer extension (APEX) and allele-specific APEX probe spots were selected that would give only one signal, A, C, G, or T, depending on the Coriell DNA sample analyzed (i.e., no APEX probe spots were included that were associated with heterozygote Coriell genotypes and no allelespecific APEX probe spots were included that were associated with homozygous Coriell genotypes at the other allelic site). A lower intensity cut-off of 1000 U in the signal channel was used to remove low intensity spots. b Signal was set at 100% for the intensity in the correct channel. c Average noise (per channel) is defined by the % ratio of incorrect channel intensity (noise) to signal intensity, averaged across multiple spots regardless of probe sequence context, and 13 arrays. Total numbers of spots averaged for the ddNTP data analysis were 868 (A signal channel), 944 (C), 921 (G), and 1252 (T). Total numbers of spots averaged for the dNTP data analysis were 831 (A signal channel), 734 (C), 1182 (G), and 1259 (T). 
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